The pattern of attack of a leaf galling Contarinia sp. (Diptera: Cecidomyiidae) on its host plant Bauhinia brevipes Vogel (Leguminosae) was studied in southeastern Brazil for 2 yr to test the plant vigor hypothesis, which predicts that attack will be centered on the most vigorous (Ionger ) shoots. Most attacks by the leaf galling herbivore occurred on the longest shoots, although these represented the smallest proportion of the available shoot population. Virtually all (100% ) of the longest shoots were attacked in 1993 and 1994. Variation in shoot length explained 70% of the variation in the number of galls per shoot in 1993 and 78% in 1994, supporting the plant vigor hypothesis. Nevertheless, no relationship was found between female preference for longer, more vigorous shoots and larval performance. Progeny of females that attacked the longest shoots did not experience higher success than progeny raised on shorter shoots. The hypersensitive reaction of the hosts to galling was observed easily as a brown circular spot around the oviposition site. This reaction to gall initiation was the major mortality factor, killing 90.3% of the galls in 1993 and 95.2% in 1994, hence leaving few gallers to natural enemies such as parasites, predators, and pathogens. Overall, only 4.7% of the galls produced adults in 1993 and 6.7% in 1994.
STUD~ OF HOST plant resistance to insects have centered on a wide range of features, which include secondary chemistry, nutrition, phenology, age, induced defenses, and mechanical traits ( e.g., Edwards and Wratten 1983 , Baldwin 1988 , Woodman and Fernandes 1991 , Fritz and Simms 1992 , Herms and Mattson 1992 , Fernandes 1994 . Nevertheless, an important type of induced defense, plant hypersensitivity, has seldom been studied as a source of host plant resistance to insect herbivores.
Hypersensitivity is a defensive response that encompasses morphological and histological changes terminating in the death of the attacked tissue, and thus in the localization, containment, inactivation, and eventual death ofthe herbivore. This induced reaction of the host is the primary event in resistance to fungal parasites (Maclean et al. 1974) . It leads to a disruption of nutrient supplies to the invading organism and in the production of toxic metabolites, resulting in the cessation of the microorganism's growth (Bayley and Mansfield 1982) .The supply of water and oxygen is also reduced, decreasing the probabilities of establishment and success by the invading organism (Wong and Berryman 1977) .The necrotic response is the result of a disturbance in the balance between oxidative and reductive processes, which results in an excessive oxidation of polyphenolic compounds and a breakdown of cellular and subcellular structures (Király 1980) . Although the occurrence of this induced defense against microorganisms is well documented, there are relatively few examples of hypersensitive reactions of plants against insect herbivores, with the exception of bark beetles ( e.g., Berryman 1972 , Raffa and Berryman 1983 .The elicitation of a hypersensitive reaction has been observed among those insects with a tight association with their host plants, such as galling insects, bark beetles, and wood borers ( reviewed by F ernandes 1990) .Although some authors argue that this induced defense is irrelevant in the insect-plant interaction (e.g., Painter 1951), few studies have addressed its impact on herbivore populations (e.g., Anderson et al. 1989) and none has established its frequency and distribution in nature. The hypersensitive reaction has been shown to vary among plant genotypes (Shukle et al. 1992, Bentur and Kalode 1996) but how this resistance mechanism varies according to plant growth ( vigor) , phenology , and physiology has never been demonstrated (but see Anderson et al. 1989) .In an attempt to describe and document the frequency of this mechanism against herbivory and to relate it to the most relevant hypotheses on insect-plant relationships, I studied the pattern of attack of a leaf galling Contarinia sp. (Diptera: Cecidomyiidae ) on its host plant, Bauhinia brevipes Vogel (Leguminosae).
A recent hypothesis on insect-plant relationships, the host plant vigor hypothesis, argues that many insect herbivores select the fastest growing host indi- (Price et al. 1990 , Price 1991 , Preszler and Price 1995 . The mechanistic explanation for female preference is an increased larval performance on the most vigorous individuals or modules, or both. Several guilds of insect herbivores that are tightly linked to their hosts prefer the most vigorous plants or plant tissues (Price et al. 1990 ). Most gallers oviposit at the site of gall initiation, and gall formation is directly influenced by the development of actively growing plant modules. Many studies have documented the influence of the growth pattems of plants on the success of gall-forming insects (Mani 1964 , Whitham 1980 , Ahman 1984 , Craig et al. 1989 , Glynn and Larsson 1994 . However, the population dynamics of insect herbivores are not influenced solely by the host, but also by natural enemies such as parasites, predators, and pathogens ( e.g., Clancy and Price 1986 , Femandes and Price 1992 . The 3 questions I addressed were as follows: ( 1 ) How does the galling herbivore respond to module vigor (here measured as stem length) ? To answer this question in the field I tested the plant vigor hypothesis which predicts that attack will be concentrated on the most vigorously growing shoots ( the longest shoots in the shoot population) (see Price 1991) , against the null hypothesis, which predicts that herbivore attack will not vary in relation to shoot length. (2) Is the preferential response of adult femalf(s of the leaf galling cecidomyiid for longer shoots related to larval survivorship? (3) Is there a strong~linkage between oviposition preference and larval survival? I also provide a preliminary description of the extemal morphology and an anatomical observation of the hypersensitive host-induced defense against the galling insect, and I document its impact and consistency during a 2-yr study. I/ 
Materials and Methods
The study was performed in the Estação Eco16gica de Pirapitinga in Três Marias, Minas Gerais, southeastern Brazil. The biological station is on an island that was formed in 1965 upon completion of the Três Marias Reservoir (18° 23', S, 45° 20' W) at an altitude of 560 m above sea level. The island is 1,100 ha in area and its natural vegetation is primarily cerrado (savanna), which is typical of the entire area flooded (Azevedo et al. 1987) .Samples of shoots and galls were taken in November of both 1993 and 1994 at the end of the galling period.
Bauhinia brevipes is a leguminous shrub up to 3 m high and is abundant on the island. Plants flower from May to August. Seven insect species induce galls on B. brevipes; 3 are leaf-gallers (Cecidomyiidae: Diptera), and 4 are stem gallers ( 1 Cecidomyiidae, 1 Lepidoptera, and 2 Curculionidae [ Coleoptera] ( unpublished data) .The leaf galls studied are caused by an undescribed species of Contarinia sp. (Diptera: Cecidomyiidae). The genus Contarinia includes species with elongate, tapered ovipositors to allow oviposition in narrow places (bud scales, closely fitted parts of developing buds, crevices) near the feeding sites ( Gagné 1994) . Upon hatching, larvae search for an adequate feeding site and immediately start boring into the plant tissue to initiate the gall (Shorthouse and Rohfritsch 1992) .Mature larvae of Contarinia sp. leave the gall to pupate in the ground beneath the host tree. Voucher specimens of insects and Contarinia sp. galls have been placed in the Herbarium at the Instituto de Ciências Biol6gicas, Belo Horizonte, Brazil. Galls (Fig.  1) are located on the adaxialleaf surface, are spherical in shape, with long red hairs covering their extemal walls. They have a single chamber, with llarva per chamber. They may occur singly or in coalescent groups.
To answer the Ist question "How does the galling herbivore respond to module vigor?" 50 shoots were collected haphazardly around the canopy of 41 haphazardly selected B. brevipes plants in 1993 and 40 different plants in 1994 . Ali collected shoots were placed in plastic bags, numbered, and then taken to the laboratory where stem length ( to the nearest mm) , total number of leaves, and number of galled leaves were recorded and then transformed into shoot length classes of 3 cm (n = 18 classes). The data were then analyzed statistically by linear regression, using shoot length as the independent variable and the logarithm of the number of galled shoots and the logarithm of galled leaves as the response variables to reduce data heteroscedascity ( Zar 1984 ) .
To determine if oviposition preference of Contarinia sp. was related to survival of their larvae, galls were opened for observation of their contents, and factors associated with mortality recorded (see Fernandes and . Galls kined by the hypersensitivity of the plant could not be opened, however, because the necrotic reaction fuses the gall walls. The hypersensitive tissue was prepared for scanning electron microscopy according to the methods described by Murphy and Roomans (1984) . The mortality factors included hymenopteran parasitoids, lepidopteran larvae that eat the gall walls and larvae or indirectly kill them through desiccation, fungi pathogenic on the galling larvae, and hypersensitive reaction of the host. Galls in which I was unable to identify the mortality factor were assigned to a mortality category named "other." Percent mortality and survivorship are followed by their respective standard errors.
I also examined the data to determine if there was a link between female oviposition preference and larval performance. The data on the percent mortality and survival of the galling insects were regressed against shoot length class to test this hypothesis (see Price 1991) . categories (Fig. 2) .The distribution of shoot length had a long tail of shoots falling in the long shoot-length categories. Although these long shoots were rare, representing the smallest proportion of the available shoots, they were the most heavily attacked by the galler, with 100% of the shoots 25.5 cm and longer being galled in 1993, and 100% of those longer than 34.5 cm being galled in 1994.
Variation in shoot-length class explained 32% ofthe variation in the number of galls per leaf in 1993 ( ,.z = 0.32; df = 1, 10;F = 4.64; logy = -1.717 (SE = 0.290) + 0.029 (SE = 0.013) x; p < 0.05) and 56% in 1994 (,.z = 0.56; df = 1, 12; F = 15.09; logy = -1.926 (SE = 0.200) + 0.0076 (SE = 0.008) x; p < 0.001) (Fig.3A) . Price (1991) proposed that insect herbivores that display a tight linkage between the site of adult oviposition and the feeding sites of their offspring primarily attack individual young plants or modules within plants that are growing faster, because this will increase the chance of their offspring surviving (see persensitive reactions the gall development never began, whereas in the other 12% the larva inside the gall was killed while it was probably in its lst instar. The round circular area was observed on both leaf surfaces, but was darker on the adaxialleaf surface where the gall develops. Microscopical observation indicated that all mesophyll structures were necrotic, lacked transport tissues, and the corky dead tissue was filled with polyphenolic compounds (unpublished data), as reported in hypersensitive reactions against fungal pathogens (Agrios 1988) .
Lack ofPreference and Performance in the System. The hypotheticallink between female preference and larval performance was not supported by these data. In both years, no relationship was found between the length of the shoot and the percentage of galls that pothesis. Studies should be carried out on the efficiency of this resistance mechanism under different field and experimental climatic conditions. Questions currently debated in ecology relate to the selective pressure of natural enemies on the pattem of attack by herbivores and what are the relative strengths of the bottom-up (plant-driven) versus the top-down (natural enemy-driven) effects in 3-trophic-level interactions (Clancy and Price 1986 , Hunter and Price 1992 , Preszler et al. 1996 .In this study, effects driven by the host plant (the hypersensitive reaction) strongly influenced the herbivore population in the absence of other factors. Natural enemies of the galling fly were weak mortality factors during the study period. Nevertheless, trophic relationships vary both within and among systems and are strongly affected by abiotic heterogeneity (Whittaker and Feeny 1971 , Hunter and Price 1992 , Preszler and Boecklen 1994 .Moreover, hypersensitive reactions may be influenced by temperature and humidity gradients, as well as plant quality. This system may offer an interesting opportunity to observe the strength of this induced response to an insect herbivore and possibly help reveal the dynamic interplay between bottom-up and top-down effects under various environmental conditions.
Hypersensitivity was the most important mechanism whereby B. brevipes terminated attack by the major galling cecidomyiid fly. Mattson et al. (1988) suggested that the intimate interactions between herbivores and hosts may select for more specific and more complex defenses because of the greater and more varied opportunities that the host plant has to regulate the lives of its intimate associates. This induced host reaction should then be effective against galling insects because their larvae cannot leave their galls once formed (Femandes 1990 ) .Few studies have documented the occurrence and effectiveness of hypersensitive reactions against galling insects, however ( see Anderson et al. 1989) .Hypersensitivity may lack documentation for reasons other than the scarcity of its occurrence in nature. Studies on plant resistance to herbivory may have missed some of the host reactions, including hypersensitivity, because necrotic spots frequently seen on attacked leaves and stems may have been erroneously treated as spots caused by pathogens, although they too may be involved in the interaction. Biochemical and genetic studies should be initiated on this resistance mechanism to insect attack as well as detailed studies on the process of gall formation, because microorganisms, which are commonly linked to hypersensitive reactions, may be involved with galling (Comell1983, Femandes 1990 ) . also Thompson 1988 , Craig et al. 1989 , Price et al. 1990 ) .The leaf galling Contarinia sp. satisfied only 1 of the 2 predictions of this hypothesis. The mechanism whereby female preference should be explained (increased larval survival on the most vigorous modules) was not supported by this study. Similar findings have been reported in several other systems (Tscharntke 1988 , Femandes 1992 , Bruyn 1995 , Preszler and Price 1995 . However, longer shoots might support more galls just because they are bigger or have more resources ; M. L. Faria and G.W.F, unpublished data) . Comelissen et al. (1997) observed that the number ofleaves in B. brevipes increased with increasing shoot length in 1993 ( r = 0.93, p < 0.0001 ) and 1994 (r = 0.95, p < 0.001), but that longer shoots did not present more leaves per unit length because the number of leaves per centimeter decreased with shoot length ( 1993; r = 0.65, p < 0.002; 1994; r = 0.60, p < 0.001) .Hence, longer shoots had longer internodes; therefore they did not provide additional resources for the herbivores. Craig et al. (1989) and Preszler and Price (1995) showed that the performance of insect herbivore and host vigor and insect performance was strongly influenced by the abscission rates of leaves on longer shoots. Leaves abscised more frequently on shorter shoots than on longer shoots; therefore, herbivores preferred and survived better on longer shoots. Although this study did not address abscission-based mortality ,i.t -should be mentioned that this potentially important source of mortality was not included in the analysis.
The hypersensitive reaction against the galling herbivore was common in all classes of shoot-length; the few gallers that survived ( 4.7% in 1993 and 6.7% in 1994) were distributed randomly across all shoot lengths (Fig. 6F) .Hypersensitive reactions have also b.een shown to be responsible for 73% larval mortality of Eurosta solidaginis Fitch (Diptera: Tephritidae ) , a stem galler on Solidago altissima L. (Anderson et al. 1989) . Shukle et al. (1992) has also shown that hypersensitivity is an important resistance mechanism of Tritirnm aestivum L. against Mayetiola destroctor (Say) and proposed a model to explain the genetic interaction between host and insect.
It is possible that plant interactions with the other galling herbivores could also affect the pattem of response to Contarinia sp. However, despite the high richness of the galling community on B. brevipes ( n = 7 morphologically distinct species), the other galling species were rare in both years and are not likely to have contributed significantly to the development of the hypersensitive response. An altemative explanation is that the selection for the most vigorous plant modules was adaptive 30 yr ago when the area was a dry cerrado before the formation of the reservoir. The increased water volume in the area has undoubtedly dramatically changed the climate close to the lake; and Femandes (1990) suggested that plant hypersensitive reactions to galling would be more efficient and thus common in more humid habitats (see Puritch and Mullick 1975, Christiansen et al. 1987 ). However, no direct climatic data are avail,.hl" tn ~ttnnnrt thi~ hv-
